Imbalances in gastrointestinal microbial communities have been associated with many diseases, where the use of probiotics has been employed to artificially restore this unbalanced flora (8, 9, 20) . Crohn's disease (CD), a clinical subtype of inflammatory bowel disease (IBD), is a common chronic disorder that affects the gastrointestinal tract and is considered to develop due to an aberrant immune response to intestinal microbes in a genetically susceptible host (21) . Over the last decade, high levels of adherent invasive Escherichia coli (AIEC) have been reported in several studies of CD and highlighted the role of AIEC in the pathogenesis of this disease (2, 6, 16) . Such an association is supported by the isolation of AIEC from 36% of ileal lesions in postsurgical resection of CD patients compared to just 6% in healthy controls (5) . The AIEC reference strain LF82 has been isolated from the chronic ileal lesion of a patient with CD, and many studies have characterized the virulence factors that lead to its invasive abilities (1, 3, 6) . On the other hand, probiotic bacteria have been used to manage IBD. Successful treatment has been reported with E. coli Nissle 1917 (EcN) in patients with IBD (13, 14, 17) .
In this background, we investigated the question as to what impact EcN might have on an already established infection with the AIEC LF82 in the intestinal epithelial cell line Caco-2 with respect to invasion, cytokine profile, and paracellular permeability. The data were analyzed by Student's t test. A P value of Յ0.05 was considered statistically significant. Unless stated otherwise, at least two biological experiments containing two replicate samples were performed for each experiment.
EcN inhibits invasion of LF82. The Caco-2 cell line and bacterial strains were cultured as described previously (4, 11) . Monolayers were seeded in 24-well tissue culture plates with 2 ϫ 10 5 cells/well and incubated for 14 days. Each monolayer was infected in 1 ml of the cell culture medium without fetal calf serum (FCS) at a multiplicity of infection (MOI) of 10 bacteria per epithelial cell.
After 3-h, 6-h, and 9-h incubation periods, bacterial invasion was measured using the gentamicin protection assay (7) . After 6 h of infection, the number of invasive bacteria had increased (1.2 ϫ 10 5 Ϯ 9.5 ϫ 10 4 ) compared with that observed at 3 h (2.3 ϫ 10 4 Ϯ 6.3 ϫ 10 3 ). After this time point, the number of intracellular bacteria remained stable during the course of infection.
For the coinfection experiments, cells were infected with EcN (MOI of 10) after 3 h of monoinfection with strain LF82 and incubation was continued. After 6 h and 9 h of infection, the number of invasive bacteria was determined. As strain LF82 is naturally resistant to ampicillin, diluted samples of bacteria were plated on LB plates containing ampicillin (50 g/ml) in order to quantify the number of invasive bacteria. invasion by strain LF82 (P Ͻ 0.005), which was also demonstrated by Boudeau et al. (4) .
EcN modifies the cytokine profile in Caco-2 cells after bacterial challenge with strain LF82. Proteome Profiler human cytokine array panel A (R&D Systems, Minneapolis, MN) was used to determine the cytokine profile of Caco-2 cells after bacterial infection over a time course (6 h, 9 h, and 24 h postinfection) according to the manufacturer's instructions. Compared to uninfected cells, cells infected with strain LF82 secreted significantly increased levels of growth-regulated oncogene alpha (Gro-␣), interleukin 8 (IL-8), and monocyte chemotactic peptide 1 (MCP-1) over the entire course of the experiment. Increased expression could also be detected for macrophage migration inhibitory factor (MIF) at 6 h and 24 h after infection. Interestingly, uninfected Caco-2 cells also secrete large amounts of MIF (Fig. 1) . Maaser et al. reported that MIF is ubiquitously produced at high levels by human intestinal epithelial cells in vitro and in vivo throughout the gastrointestinal tract (15) . Intercellular adhesion molecule 1 (ICAM1) and interleukin 6 (IL-6) were elevated in the supernatant at the 9-h time point. Furthermore, we could detect smaller amounts of secreted IL-1 receptor antagonist (IL-1RA) in infected Caco-2 cells at 6 h postinfection compared to uninfected cells.
After 3 h of infection, EcN was added to strain LF82 for another 3 h. We used uninfected Caco-2 cells and cells infected with only strain LF82 as controls. Pixel densities and fold changes in cytokine secretion are shown in Fig. 2 and Table 1 b Uninfected cells were used as the control. Changes in the amount of cytokines were calculated using the pixel densities for the single spots corresponding to the cytokines of the infected cells divided by the uninfected control cells. The results are represented as the means Ϯ standard deviations (SDs) of duplicate samples from six pooled experiments. Only cytokines with significant differences are shown. To determine the influence of E. coli Nissle 1917 (EcN) on the different cytokines in double infection experiments, these results were compared with cells infected with only strain LF82 (monoinfected cells). A P value of Յ0.05 was considered significant. Values that were significantly different from the control values are indicated as follows: ‫,ء‬ P Յ 0.05; ‫,ءء‬ P Ͻ 0.01; and ‫,ءءء‬ P Ͻ 0.005. c CXCL1 and CXCL8, chemokine (C-X-C motif) ligands 1 and 8, respectively. 
a Primers were designed using the Oligo Perfect software from Invitrogen (Auckland, New Zealand).
b F, forward; R, reverse. experiments with strain LF82 compared to monoinfected cells. These results indicate that the anti-inflammatory effects of EcN can counteract the pathogenic LF82 strain by modification of cytokine expression and thereby minimize neutrophil migration and intestinal injury. It was previously described that probiotic bacteria suppress proinflammatory cytokine production from intestinal epithelial cells (IEC) (12, 18, 19) . Real-time PCR-confirmed cytokine array data. Total RNA was extracted from noninfected and infected Caco-2 cells using the RNeasy minikit (Qiagen, Hilden, Germany) and stored at Ϫ80°C. Reverse transcription of 1.4 g of total RNA to cDNA was carried out using the SuperScript III first-strand synthesis super mix kit (Invitrogen, Auckland, New Zealand) and oligo(dT) 20 primers according to the standard protocol. Reactions were performed in 384-well plates as previously described (11) , and the cDNA was amplified in an Applied Biosystems ABI PRISM 7900HT sequence detection system. The primers used for quantitative PCR (qPCR) are shown in Table 2 . Relative mRNA expression was then calculated in comparison to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) expression using Pfaffl's formula: 2 Ϫ⌬⌬CT where CT is the threshold cycle. Six selected genes were analyzed for expression (IL-8, Gro-␣, sICAM1, MCP-1, IL-1RA, and MIF) after 6 h of bacterial infection. IL-8 had the most pronounced upregulation in mRNA expression (869-fold increase), followed by Gro-␣ and MCP-1 (180-fold and 115-fold increase, respectively). Additionally, a modest upregulation was observed with sICAM1 (2.6-fold increase). Infection with strain LF82 also resulted in a downregulation for MIF (0.44-fold induction) and IL-1RA (0.6-fold induction) compared to uninfected cells. Next we measured the mRNA levels of IL-8, Gro-␣, and sICAM1 in cells coinfected with EcN. We found significantly higher levels of IL-8 mRNA in 3 out 5 experiments for the monoinfected cells (cells infected with strain LF82) compared to the coinfected cells that were also infected with the probiotic bacterium (P Ͻ 0.01). No significant differences in gene expression levels could be found for Gro-␣ and sICAM1 (Fig. 3) .
Infection with strain LF82 results in an increase in paracellular permeability. Caco-2 cells were grown to confluence on permeable polyethylene terephthalate (PET) membranes (Millipore Millicell hanging cell culture inserts with 0.4-m pores; Millipore Corporation, Billerica, MA) (1 ϫ 10 5 cells per filter). Experiments were performed with 14-day-old monolayers to ensure tight junction formation (10) . The monolayers were infected as described above. After 5 h of infection, monolayers were placed in Hanks balanced salt solution (HBSS) and allowed to equilibrate for 1 h. Apical medium was removed and replaced with HBSS containing 0.4 Ci of [2- 3 H]mannitol (10 to 20 Ci/mM) (American Radiolabeled Chemicals, Inc., St. Louis, MO) per filter. The tracer concentrations in the apical and basolateral compartments were assayed at different time points (0 min, 15 min, 30 min, 45 min, and 60 min), and radioactivity was counted with a ␤-scintillation counter. LF82 infection led to an increase in the paracellular permeability for [ 3 H]mannitol compared with uninfected control monolayers, and differences were statistically significant at the 60-min time point (P ϭ 0.01). In order to determine whether the probiotic EcN can restore the barrier function disrupted by strain LF82, Caco-2 cells were infected with EcN after 3 h of infection with strain LF82 for 3 h. Treatment with EcN had no effect on the induced increase of mannitol flux in Caco-2 cells by strain LF82. In summary, our results suggest that EcN protects intestinal epithelial cells from the inflammation-associated response caused by strain LF82 by reducing pathogen invasion and modulating cytokine expression. This study is the first to our knowledge to show that EcN can reduce some of the negative effects associated with strain LF82 in an already established AIEC infection and emphasizes the potential of EcN in IBD treatment. In particular, the use of this probiotic could be of interest in CD patients harboring pathogenic AIEC.
